The purpose of this study is to efficiently produce hydrogen gas from saccharide using 27.12 MHz radiofrequency (RF) in-liquid plasma with and without ultrasonic irradiation. The experiments were conducted adopting two different ultrasonic frequencies, one from a 29 kHz horn-type ultrasonic transducer and the other from a 1.6 MHz piezoelectric transducer. The glucose solution and cellulose suspension concentrations were varied from 0.5 wt% to 50 wt% and 0.5 wt% to 20 wt% respectively. Hydrogen gas was then produced by the decomposition of the glucose solution and cellulose suspension by RF in-liquid plasma with and without ultrasonic irradiation. The hydrogen production rate from glucose solution with ultrasonic irradiation applied was greater than that without ultrasonic irradiation. However, no hydrogen production rate enhancement was observed from decomposition of cellulose suspension with ultrasonic irradiation applied. Ultrasonic atomization and agitation enhanced the chemical reaction of nonvolatile glucose in in-liquid plasma. The increase of the gas production rate was caused by the direct decomposition of the glucose by the plasma due to the atomized glucose molecules being fed into the plasma in a bubble. In addition, by using a high-speed camera, it was clarified that acoustic streaming occurred when a 1.6 MHz piezoelectric transducer was used in the experiment.
Introduction
Hydrogen is well-known as an alternative secondary energy. With the weakening of resolve towards world energy conservation and the increasing evidence of the detrimental effect of global greenhouse effect for humankind, sources of clean and alternative renewable energy are gaining increasing attention for future energy production. Recently there has been much international attention toward the development of hydrogen production technologies as a solution to this current dilemma and as a way to stabilize world energy demand. Steam reforming, partial oxidation and biomass gasification are the primary technologies that have been developed and implemented. The advantage of steam reforming is that no oxygen is required. However it must be performed at high temperatures of 700 to 900 °C and produces unwanted greenhouse gasses. Similarly, the partial oxidation process operates at the same high temperature level as steam reforming and additionally requires a catalyst in order to reduce the temperature and avoid the formation of coke. Reviews of the technologies developed for hydrogen production are presented by Holladay et al. 1) .
On the other hand, development of plasma technology has been applied with great success in various fields 2) ～7) . The application of plasma technology for synthesis of diamond 8) , nanoparticles 9) , carbon nanotubes 10) , surface modifications 11) , decomposition of gaseous pollutants 12) , medical treatment 13) and such has been widely investigated. Recently, there has been a significant increase in the development of this plasma technology for the production of hydrogen gas from direct electric (DC) water plasma 14) , microwave plasma 15) , gliding arc discharge 16) , dielectric barrier discharge 17) , thermal and non-thermal plasma and corona discharge 18) ～ 20) due to the high temperature and high electron density it provides at atmospheric pressure. However, less emphasis has been given to experimental study of hydrogen production from biomass and municipal wastes utilizing radio-frequency (RF) in-liquid plasma.
RF in-liquid plasma is a process in which plasma is generated inside a bubble produced by evaporation of a surrounding liquid by the heat of plasma. Basically, a copper electrode and a brass electrode are used as the lower and upper electrodes respectively. An RF generator and tuner are used together to increase input power and reduce reflected power respectively until breakdown occurs. After breakdown, plasma appears as a violet region surrounded by a bubble. The bubbles occur due to evaporation of water heated by RF input power before the occurrence of breakdown. Under the assumption that plasma in water is at thermal equilibrium, the temperature of the plasma is estimated to be 4000-4500 K using the theory of spontaneous emission 21)22) . Since in-liquid plasma produces such high temperatures of several thousand Kelvin which in turn produces reactive radical species such as H, O and OH, investigation into its use for hydrogen production through decomposition of waste oil and other such organic liquids as well as methane hydrate has been successfully conducted 23) ～ 25) .
In this study, RF in-liquid plasma was used for hydrogen production by decomposing glucose solution and cellulose suspension with and without ultrasonic irradiation applied. By applying ultrasonic vibration to a liquid, cavitation bubbles, microjets, acoustic streaming or hotspots are generated by the nonlinearity of the sound. It is welldocumented that these phenomena can enhance chemical reactions, heat transfer and plasma generation in a liquid 26) .
The purpose of this study is to observe the decomposition of glucose solution with and without application of ultrasonic vibration by a 29 kHz horn-type ultrasonic transducer and 1.6 MHz piezoelectric transducer and then to compare any enhancement of the gas production rate for each device.
Experiment
The experimental apparatus is schematically shown in Fig. 1 . Radio-frequency (RF) in-liquid plasma was generated at tip of the electrode. produced was 50 mL after exposure to RF in-liquid plasma for 10 minutes with and without ultrasonic irradiation applied. The gas production rate is calculated from the average of the percentage of each gas produced, the total volume and the time exposed. Initially, the production rate of hydrogen was lowest at 0.5 wt% but there was an upward trend beyond 0.5 wt%. For decomposition with RF in liquid plasma only, there was a significant production increase of 60% between 0.5 wt% and 10 wt%. The rate then increased steadily upward, reaching a level of around 0.3 mL/s.
The production rate of hydrogen for decomposition by RF in-liquid plasma using the 29 kHz horn-type ultrasonic transducer increased slightly between 0.5 wt% and 20 wt%, but then, interestingly, it climbed sharply to 0.45 mL/s at 50 wt%. Meanwhile, decomposition by RF in-liquid plasma using the 1.6 MHz piezoelectric transducer rose steadily and at 20 wt% it had the highest rate of the three methods.
Meanwhile, the production rate of oxygen decreased slowly with an increased initial concentration. At the same initial concentration, there were no significant production rate differences between decomposition by RF in-liquid plasma with and without ultrasonic irradiation applied.
Glucose is a monosaccharide of the aldehyde group obtained most readily by the hydrolysis of starch or cellulose. It is obtained from high molecular polysaccharides.
Additionally, glucose has characteristics which are soluble Consequently, the glucose molecules were decomposed due to the high temperature inside the bubble with radical species being generated in the liquid. H and OH radicals were produced during decomposition of water by plasma 29)31) and cavitation bubbles 32) .
Decomposition of cellulose
The experiment on hydrogen production from cellulose suspension was carried out in the same manner as that for the decomposition of glucose solution. In this experiment, the initial concentration was varied up to 20 wt%.
Cellulose is from a group of polysaccharides, whose substances have high molecular weights of more than 1,000,000. They are widely found in nature and are completely insoluble in liquids 33) . Furthermore, cellulose in wood has a high crystallinity and a low specific surface area. Fig. 3 illustrates the production rate of hydrogen from cellulose suspension as a function of initial concentration.
The hydrogen production rate fluctuated but, in general, tended to increase slightly beyond initial concentrations of 10 wt%. The hydrogen production rate from cellulose suspension by RF in-liquid plasma without ultrasonic irradiation was higher throughout the varied initial concentrations than that with ultrasonic irradiation. There was a decrease to the lowest point at 10 wt% but then there was a dramatic increase after 10 wt%.
Simila rly, the hydrogen production rate for decomposition by RF in-liquid plasma using the 29 kHz horn-type ultrasonic transducer fluctuated at the beginning and decreased to the lowest point at 5 wt%. Then, the production rate remained stable at 0.06 mL/s at the initial concentration of 10 wt% and increased steadily at 20 wt%.
Meanwhile, the hydrogen production rate for decomposition of RF in-liquid using the 1.6 MHz piezoelectric transducer was relatively stable through the varied initial concentration of suspension although there was a slight decrease at 10 wt%. This is because the hydroxyl radicals reach the surface of the bubble more easily without colliding with the water molecules in the bubble. MHz piezoelectric transducer are shown in Fig. 4 . "Singleperiod' ' bubbles appeared when RF only was applied as shown in Fig. 4(a) 29) . A spherical bubble was generated and grew at the tip of the electrode and separated from the electrode due to buoyancy. Similar bubbles appeared subsequently and the actions were repeated almost regularly. Likewise, a similar pattern of bubbles was observed in Fig 4(b) . Interestingly, Fig. 4(c) shows a nonuniformity bubble pattern occurred when the 1.6 MHz piezoelectric transducer was turned on. Sinusoidal signals were excited from the transducer which generated a time harmonic acoustic field inside the fluid that propagated perpendicular to the flow direction and disrupted the uniformity of the "single-period" bubbles. Stable plasma continued to be generated at the tip of the electrode. This is believed to have occurred due to acoustic streaming.
Langevin acoustic radiation pressure was propagated by an acoustic wave. Thus, it is believed that in addition to ultrasonic atomization as reported earlier, acoustic streaming was also an influence on the decomposition of glucose molecules by plasma inside a bubble. The induced acoustic streaming provides a high mass flux to the bubble at the tip of the electrode. Thus, the bubble was attached near to the tip of the electrode and hence evaporates easily due to buoyancy. The mechanism on how the acoustic streaming influenced the decomposition of glucose will be investigated in future.
Conclusion
In this study for future alternative energy sources, hydrogen gas was produced from glucose solution and cellulose suspension by 27.12 MHz RF in-liquid plasma with and without ultrasonic irradiation being applied. The 
